Abstract Iron release from human serum transferrin (hTF) has been studied extensively; however, the molecular details of the mechanism(s) remain incomplete. This is in part due to the complexity of this process, which is influenced by lobe-lobe interactions, the transferrin receptor (TFR), the salt effect, the presence of a chelator, and acidification within the endosome, resulting in iron release. The present work brings together many of the concepts and assertions derived from previous studies in a methodical, uniform, and visual manner. Examination of earlier work reveals some uncertainty due to sample and technical limitations. We have used a combination of steady-state fluorescence and urea gels to evaluate the effect of conformation, pH, time, and the soluble portion of the TFR (sTFR) on iron release from each lobe of hTF. The use of authentic recombinant monoferric and locked species removes any possibility of cross-contamination by acquisition of iron. Elimination of detergent by use of the sTFR provides a further technical advantage. We find that iron release from the N-lobe is very sensitive to the conformation of the C-lobe, but is insensitive to the presence of the sTFR or to changes in pH (between 5.6 and 6.4). Specifically, when the cleft of the C-lobe is locked, the urea gels indicate that only about half of the iron is completely removed from the cleft of the N-lobe. Iron release from the C-lobe is most affected by the presence of the sTFR and changes in pH, but is unaffected by the conformation of the N-lobe. A model for iron release from diferric hTF is provided to delineate our findings.
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Introduction
Human serum transferrin (hTF) is a bilobal 80-kDa iron binding glycoprotein responsible for delivering iron to cells by clathrin dependent receptor mediated endocytosis. The single-chain polypeptide folds into two homologous lobes (N-and C-lobes) connected by a short peptide linker. Each lobe is further divided into two subdomains (NI, NII and CI, CII) that come together to form the metal binding cleft. The iron binding ligands are identical in the two lobes (a histidine, an aspartic acid, two tyrosines, as well as two oxygen atoms from the synergistic anion, carbonate). However, the mechanism and rate(s) of iron release differ between the N-and C-lobes, owing in large part to differences in the amino acids surrounding the liganding residues, termed the ''second shell'' [1] . In healthy individuals, hTF is present in the serum at a concentration of 25-50 lM, but is only approximately 30% saturated with iron. The distribution of the pool is 27% diferric, 23% monoferric N-lobe, 11% monoferric C-lobe, and 40% apo [2, 3] . The source of this uneven distribution is not completely understood. At pH 7.4, diferric hTF preferentially binds to the hTF receptor (TFR) with nanomolar affinity, the two monoferric species bind approximately 40-fold weaker (although each lobe contributes equally to the binding energy of the interaction with the TFR), and apo hTF does not compete for binding [4] . However, at the putative endosomal pH of 5.6, apo hTF remains bound to the TFR and is recycled back to the plasma membrane. The precise details of the steps by which iron is released from the two lobes of hTF have been elusive in spite of much research. Although there has been a great deal of progress, some controversy exists with regard to the relative importance of various factors, which minimally include pH (protonation of various key residues in each lobe is an initial step within the endosome), ionic strength (anions or inert salt must be present for iron release to occur), the identity of a chelator (critical to extraction of the iron in the physiologically observed time frame of less than 3 min), and the TFR [5, 6] . The bilobal composition of hTF adds complexity by introducing cooperativity (negative or positive) between the lobes [7] [8] [9] . What is clear is the crucial role of the second-shell residues in the release of iron from each lobe. Thus, in the N-lobe, two lysine residues, Lys206 and Lys296 (residing on opposite sides of the binding cleft), constitute the ''dilysine trigger.'' These two lysine residues share a hydrogen bond at neutral pH which is protonated at low pH and triggers cleft opening [10, 11] . Likewise in the C-lobe, Lys534 and Arg632 are found in positions that are homologous to those of Lys206 and Lys296 [1, 12] . Mutation of Lys206 to glutamate in the N-lobe or of Arg632 to alanine in the C-lobe completely prevents iron release from that lobe on a relevant timescale, allowing targeted measurement of iron release from the opposite lobe.
In transitioning from a ''closed'' iron-bound state to an ''open'' iron-free state, the N-and C-lobes each undergo large conformational changes upon iron release [13, 14] . The intrinsic tryptophan fluorescence of hTF increases dramatically upon iron removal and can be used to monitor iron removal from hTF [15] . Some of the eight tryptophan residues in hTF (three in the N-lobe and five in the C-lobe) are strongly quenched by the bound Fe 3? through radiationless transfer of electronic excited-state energy [16] . This energy is transferred to an absorption band that overlaps the tryptophan fluorescence and is created by the metal-tyrosine interaction. Of course, tryptophan fluorescence is also sensitive to changes in the local environment around each residue, so it is possible to monitor conformational changes both before and after iron release [17] . As an example, we have reported the contribution of each of the three tryptophan residues in the isolated N-lobe to the change in fluorescence when iron is released [18] . Similarly, we have described the role of each of the five tryptophan residues in the C-lobe (in the absence and presence of the soluble portion of the TFR, sTFR) in the increase in fluorescence as a result of iron release at pH 5.6 [19] .
Over 30 years ago, the serendipitous observation was made that 6 M urea gels could be used to distinguish the iron status of the two lobes of hTF [20] . Migration through these gels is influenced by the shape, charge, and the disulfide bond content of the two lobes. Thus diferric hTF, which is the most compact form of hTF, migrates the farthest into the gel before being denatured by the urea. The least compact, apo, form (both lobes open) is denatured soon after exposure to the 6 M urea and stays near the top of the gel; in part owing to the fact that the N-lobe has eight disulfide bonds and the C-lobe has 11, the two monoferric species migrate at differing intermediate positions. Since their discovery, many studies have used urea gels to monitor the effect of a variety of factors on the iron status of hTF [2, 9, [21] [22] [23] [24] [25] [26] [27] .
In the present study, we have substantiated much previous work in a concise and semiquantitative manner using a unique combination of urea gels and steady state fluorescence measurements to examine hTF and a complex of hTF bound to the sTFR as a function of lobe conformation, pH, and time to qualitatively examine iron release from each lobe. Deciphering the role of the TFR in iron release has previously been limited by the availability of TFR from natural sources and the need for detergent to keep the TFR in solution [28, 29] . Availability of non-glycosylated recombinant diferric hTF (Fe 2 hTF), authentic monoferric TFs (designated Fe N hTF and Fe C hTF), and constructs with either N-and/or C-''locked'' lobes (designated Lock N hTF and Lock C hTF), as well as the sTFR (see abbreviations for a full description of these constructs) allow a comprehensive assessment of the contributions of pH, the TFR and the conformation of each lobe to the release of iron. As shown in Fig. 1 , use of these constructs allows a rational and precise assessment of pathway(s) available to transition from fully iron loaded, to monoferric, to fully iron free hTF. The quality of the results obtained from commercially available urea gels is improved by the absence of carbohydrate in the recombinant hTF samples (the asparagine linkage sites at positions 413 and 611 in the C-lobe are mutated to aspartic acid). A model of iron release from diferric hTF is provided. The current work foreshadows our more quantitative work on this system by providing concepts and end points to generate the models we are developing by analysis of kinetic data from stoppedflow fluorescence studies. Protein production and purification
Materials and methods

Materials
The DNA manipulations used to generate Fe 2 hTF, Fe N hTF, Fe C hTF, Lock N hTF, Lock C hTF, and the sTFR have been described in detail previously [1, 27, 30, 31] . Briefly, to produce recombinant hTF and all of the mutants, baby hamster kidney (BHK) cells transfected with the pNUT plasmid containing the appropriate complementary DNA sequence were placed into two to four expanded surface roller bottles. Adherent BHK cells were grown in DMEM-F12 containing 10% fetal bovine serum. This medium was changed twice at 2-day intervals, followed by addition of DMEM-F12 containing the serum substitute Ultroser G (1%) and 1 mM butyric acid. The presence of 1 mM butyric acid has been shown to increase the production of recombinant protein from BHK cells [30] . The amount of protein produced was determined using a competitive immunoassay [32] . The His 6 -tagged recombinant protein from the tissue culture medium was captured by passage over a nickel nitrilotriacetic acid column, followed by final purification on a gel filtration column (S-200HR for hTF constructs and S-300HR for sTFR). Polyacrylamide gel electrophoresis in the presence of sodium dodecyl sulfate was used to verify the homogeneity of the all of the recombinant proteins. Proteins were brought to a nominal concentration of 15 mg/mL using the published absorption coefficients determined by the modified Edelhoch method [33] .
Complexes of hTF/sTFR were prepared by combining the sTFR with a small molar excess of hTF (Fe 2 hTF, Fe N hTF, Fe C hTF, Lock N hTF, and Lock C hTF) and isolated by passage over an S-300HR column [31] . The concentrations of the complexes were adjusted to a nominal concentration of 15 mg/mL with respect to hTF.
Urea gel analysis
The iron binding status of the hTF constructs as a function of pH or time was examined by urea gel electrophoresis using Novex 6% TBE-urea minigels, run in 90 mM Tris-90 mM borate, pH 8.4, containing 2 mM EDTA. For pH titrations, samples (1 lg/lL) were incubated for 15 min in 100 mM 2-morpholinoethanesulfonic acid (MES) buffer ranging from pH 5.6 to 6.4 (in increments of 0.2 pH units), also containing 300 mM KCl and 4 mM EDTA. The reaction was stopped by addition of 29 TBE-urea gel sample buffer (final concentration of sample 0.5 lg/lL). The composition of the 29 sample buffer was 45 mM Tris and 45 mM borate, containing 1 mM EDTA, 6% Ficoll 400, 0.005% bromophenol blue, 0.025% xylene cyanol, and 3.5 M urea. For time-based experiments, sample (1 lg/ lL) was added to pH 5.6 iron-removal buffer (100 mM MES, pH 5.6 containing 300 mM KCl and 4 mM EDTA) and incubated for the designated times (0, 3, 6, 12, and 15 min) at room temperature (note that time zero is the construct in sample buffer). At each time point, the ironremoval process was stopped by the addition of sample buffer as stated above and the sample was placed on ice (final concentration of sample 0.5 lg/lL). This time course was chosen because it results in complete removal of iron during stopped-flow kinetic experiments (unpublished results). Approximately 2.5 lg of sample was loaded per lane and the gels were electrophoresed for 2.25 h at 125 V. Protein bands were visualized by staining with Coomassie blue.
Steady-state fluorescence
Steady-state fluorescence spectra were obtained for each sample using a Quantamaster 6 spectrofluorimeter from Photon Technology International (South Brunswick, NJ, USA). Iron-bound protein (500 nM) was added to a cuvette (1.8 mL final volume) containing 100 mM N-(2-hydroxyethyl)piperazine-N 0 -ethanesulfonic acid, pH 7.4. An identical amount of sample was incubated for at least 15 min in iron-removal buffer of appropriate pH (as above) to generate apoprotein. Samples were excited at 280 nm and emission was monitored between 300 and 400 nm. Slit widths of 1 nm (excitation) and 6 nm (emission) were used with a 320-nm cut-on filter in front of the emission monochromator. All emission spectra were corrected for Raman scattering by subtraction of a buffer blank spectrum [18] .
Results
Iron release as a function of pH
To elucidate the pathway of iron release as a function of pH, each of the hTF constructs described below was incubated in 100 mM MES containing 300 mM KCl and 4 mM EDTA at pH values ranging from 5.6 to 6.4. In all cases, iron removal was evaluated by electrophoresis on 6 M urea gels that specifically show bands corresponding to apo, each monoferric, and Fe 2 hTF conformations. More globally, steady state emission scans monitor the increase in the intrinsic tryptophan fluorescence signal as a function of pH. Bar graphs are used to show the end points derived from the steady state emission spectra (Figs. 2, 3, 4) . (Note that the source spectra from which the bar graphs are derived are provided as electronic supplementary material.) It is important to recognize that Fe 2 hTF with iron bound in both lobes at pH 7.4 should be maximally quenched and that the same sample at pH 5.6 should be maximally unquenched. Accordingly, at pH 7.4 Lock N hTF and Lock C hTF would also both be quenched to the same extent as Fe 2 hTF, but would only reach a value that is approximately half of that of the maximally unquenched state (the monoferric species). Likewise, the two monoferric constructs (Fe N hTF and Fe C hTF) would start at this MES pH 5.6, 300 mM KCl, 4 mM EDTA], before the emission was monitored. Samples were excited at 280 nm and emission was monitored between 300 and 400 nm using a 320-nm cut-on filter. As an important control, we analyzed a construct with iron locked in both lobes and observed that at pH 5.6 no iron was removed and that the fluorescence intensity was equal to the intensity at pH 7.4, i.e., no iron was removed (data not shown) intermediate value of fluorescence intensity and upon iron removal would reach the unquenched apo state.
Studies evaluating iron release from Fe 2 hTF
As shown by the urea gel in Fig. 2a , at pH 5.6, the majority of the iron was removed from Fe 2 hTF as indicated by the band corresponding to the apo form of hTF. Additionally, equal amounts of monoferric C-lobe, monoferric N-lobe, and diferric species were observed. At pH 6.4, approximately half was diferric hTF and half was monoferric C-lobe. At the intermediate pH values, there was a pH-dependent decrease in apo and monoferric N-lobe and a corresponding increase in monoferric C-lobe and diferric species, indicating that at higher pH values iron removal from the N-lobe of Fe 2 hTF was favored (Fig. 2a) . At pH 5.6, the steady-state data indicated a substantial increase (368%) in the fluorescence intensity relative to the diferric form at pH 7.4 (Fig. 2b) . Collectively, we can conclude that iron removal from Fe 2 hTF is very sensitive to pH (Fig. 2a, b) .
Studies evaluating iron release from the N-lobe
To systematically evaluate iron release from the N-lobe, constructs in which the C-lobe was completely open or was locked in a closed conformation were used (Fig. 1) . These constructs are designated ''Fe N hTF,'' which is recombinant monoferric N-lobe hTF with the two tyrosine ligands disabled by mutation (Y426F and Y517F), thereby precluding iron binding in the C-lobe, and ''Lock C hTF,'' which is recombinant Fe 2 hTF with the arginine at position 632 mutated to alanine to effectively lock iron in the Clobe.
As shown by the urea gel in Fig. 3a , following a 15-min incubation iron removal from Fe N hTF was nearly complete and was equivalent regardless of the pH (5.6 up to 6.4). The steady-state data indicated a 74% increase in the fluorescence signal at pH 5.6 relative to pH 7.4 (iron bound) (Fig. 3b) . As would be predicted from the urea gel results, there were minimal differences in the fluorescence intensity at the intermediate pH values (Fig. 3b) , indicating nearly equivalent iron removal at each pH after 15 min.
In contrast, as shown by the urea gel in Fig. 3c , it appears that only about half of the iron was removed from the N-lobe of Lock C hTF, although, again, the results did not seem to be very sensitive to the pH. At pH 5.6, the steady-state data indicated a 106% increase in the fluorescence emission intensity relative to pH 7.4 (iron bound) (Fig. 3d) . In contrast to the urea gel results, the intensity at k max at pH 5.6 after the 15-min incubation appears to be consistent with complete iron removal from the N-lobe (in this construct which retains iron in the Clobe) (compare Fig. 3d , pH 5.6, Lock C hTF, with Fig. 4b , pH 7.4, Fe C hTF, both approximately 27,000 counts). The most likely explanation for the discrepancy between the results from the urea gel and the steady-state fluorescence is that in the steady-state experiment the low pH and excess chelator promote and result in irreversible iron release. In contrast, in the urea gel format, addition of the pH 8.4 sample buffer to the sample to ''quench'' iron release could result in rebinding of some portion of the iron. We suggest that this potential experimental anomaly is strongly and uniquely promoted by the locked C-lobe, which restricts the opening of the N-lobe, allowing a ternary complex (protein/metal/EDTA) to persist (see ''Discussion''). As observed for Fe N hTF, there was very little difference in the fluorescence intensity at the intermediate pH values. Collectively, we conclude that iron release from the N-lobe is relatively insensitive to pH and that considerably more iron is completely removed from the N-lobe when the C-lobe is open than when the C-lobe is locked (compare Fig. 3a, c) .
Studies evaluating iron release from the C-lobe
To systematically evaluate iron release from the C-lobe, constructs in which the N-lobe was completely open or was locked in a closed conformation were used (Fig. 1) . These constructs are designated ''Fe C hTF,'' which is recombinant monoferric C-lobe hTF with the two tyrosine ligands disabled by mutation (Y95F and Y188F), thereby precluding iron binding in the N-lobe, and ''Lock N hTF,'' which is recombinant Fe 2 hTF with the lysine at position 206 mutated to a glutamate to effectively lock iron in the N-lobe.
As shown by the urea gel in Fig. 4a , after a 15-min incubation at pH 5.6 all of the iron is removed from the Clobe when the N-lobe is open, whereas at pH 6.4 none of the iron is removed (Fig. 4a ). There is a pH-dependent decrease in iron removal between pH 5.6 and 6.4. At pH 5.6, there is a 71% increase in the steady-state fluorescence relative to pH 7.4 (iron bound) (Fig. 4b) . At the intermediate pH values, there is a gradual pH-dependent decrease in the fluorescence intensity with increasing pH, which more quantitatively illustrates the sensitivity to pH of iron removal from the C-lobe when the N-lobe is open (Fig. 4b) .
Lock N hTF is similar to Fe C hTF, in that at pH 5.6 almost all of the iron is removed from the C-lobe, while at pH 6.4 none of the iron is removed (Fig. 4c) . Again, there is a pH-dependent decrease in iron removal between pH 5.6 and 6.4 after a 15-min incubation. At pH 5.6 there is a 194% increase in the steady-state fluorescence relative to pH 7.4 (iron bound) (Fig. 4d) . As observed for Fe C hTF, there is a substantial pH-dependent decrease in the fluorescence intensity. Thus, iron release from the C-lobe is pH-sensitive (compare Fig. 4a, c) , but is completely insensitive to whether the N-lobe is open or locked. The steady-state data reinforce both of these conclusions (Fig. 4b, d) as indicated by the substantial differences in end-point intensity as a function of pH.
Iron release as a function of time and the sTFR
To elucidate the pathway of iron release as a function of time and to determine the effect of the sTFR on each lobe, the various hTF constructs alone and in complex with the sTFR were incubated in 100 mM MES containing 300 mM KCl and 4 mM EDTA at pH 5.6. In all cases, iron removal was specifically evaluated by electrophoresis on 6 M urea gels (Figs. 5, 6, 7) .
Studies evaluating iron release from Fe 2 hTF
As shown by the urea gel in Fig. 5a , iron removal from Fe 2 hTF was time-dependent, with all four species visible at the 3-min time point. Additionally, there is a time-dependent increase in apo hTF such that at the 15-min time point the predominant species was apo with an approximately equal distribution of the other three species (Fig. 5a ). In the presence of the sTFR, apo and monoferric N-lobe were the only species present (Fig. 5b) . In the presence of the sTFR, iron removal from the C-lobe was complete within the first 3 min. Thus, the sTFR reverses the order of iron release, strongly favoring removal from the C-lobe.
Studies evaluating iron release from the N-lobe
As shown by the urea gel in Fig. 6a and b, almost all of the iron was removed by the 3-min time point from the N-lobe of Fe N hTF with an open C-lobe. In addition, there is little time dependence following the initial iron release and the sTFR had no effect. As shown by the urea gel in Fig. 6c , by the 3-min time point only about half of the iron was removed from the Nlobe of Lock C hTF, with no further time-dependent increase in the absence or presence of the sTFR (Fig. 6c,  d ). We note that there was a small amount of apo species present at the 6-min time point (Fig. 6d) which was not observed in the absence of the sTFR. In conclusion, it appears that more iron was removed from the N-lobe when the C-lobe was open than when it was locked (compare Fig. 6a-c) , and there was no time-dependent increase. Iron removal from either Fe N hTF or Lock C hTF in the presence of the sTFR is equivalent to iron removal in the absence of the sTFR (compare Fig. 6a-d) .
Studies evaluating iron release from the C-lobe
As shown by the urea gel in Fig. 7a , iron removal from the C-lobe of Fe C hTF (with an open N-lobe) was timedependent as indicated by an increase in the amount of apo hTF; however, complete iron removal was not observed at the 15-min time point. In contrast, in the presence of the sTFR, all of the iron was removed by the 3-min time point (Fig. 7b) .
Iron removal from the C-lobe of Lock N hTF was timedependent as indicated by an increase in the monoferric N-lobe band on the urea gel in Fig. 7c , although complete iron removal was not observed at the 15-min time point (Fig. 7c) . In the presence of the sTFR, iron removal was nearly complete by the 3-min time point, with a further increase as a function of time (Fig. 7d) . Thus, a similar amount of iron is removed from the C-lobe whether the N-lobe is open or locked in the absence of the sTFR (compare Fig. 7a, c) . The presence of the sTFR drives iron release from the C-lobe of Fe C hTF to completion within the first 3 min (compare Fig. 7a, b) . Similarly, almost all of the iron is removed from the C-lobe of Lock N hTF in the presence of the sTFR (compare Fig. 7c, d ), although complete iron removal is not achieved by the 3-min time point.
Discussion
In the current study, we have analyzed iron release from a variety of recombinant hTF constructs at different pH values, including the putative endosomal pH of approximately 5.6. The use of authentic monoferric constructs unable to bind iron in one lobe, diferric constructs with iron locked in one lobe, and the soluble portion of the specific TFR has allowed us to more thoroughly dissect the system. This work provides the most comprehensive and unambiguous assessment of the effect of pH, the sTFR, and lobe-lobe interactions on iron release that has been carried Fig. 3 for explanation of the appearance of the double band in c and d
out to date. The use of urea gels combined with the data for the increase in the fluorescence intensity (as a result iron removal) allows direct visualization of the global effects of iron release. As detailed below, it solidifies many of the prevailing ''truths'' gathered in a less systematic fashion. The studies described herein definitively demonstrate that iron release from the N-lobe is highly dependent on the conformation of the C-lobe. We clearly showed that there is a difference in iron removal from the N-lobe as a function of the conformation of the C-lobe [34] . Thus, when the cleft of the C-lobe is locked, we observe by urea gels that the N-lobe appears to be unable to undergo the conformational changes needed to ensure irreversible iron removal (either in the absence or in the presence of the sTFR) at pH 5.6 (Fig. 6c, d ). This apparent incomplete removal of iron from the N-lobe of Lock C hTF is independent of pH (Fig. 3c) , time (Fig. 6c) , and salt concentration (data not shown, see below). In agreement with previous work [26] , when the C-lobe is in an open conformation, nearly all of the iron is removed from the N-lobe (Figs. 3a, 6a, b) .
In contrast to iron release from the N-lobe, iron release from the C-lobe is independent of the conformation of the N-lobe (open or locked), but is highly dependent on pH (Fig. 4) , time (Fig. 7a, c) , and salt concentration (data not shown). As reported previously [34] , the presence of the sTFR greatly accelerates iron release from the C-lobe (Fig. 7) .
In the case of Fe 2 hTF, pH, time, and the sTFR affect iron removal (Figs. 2, 5) . As in numerous studies, we showed that iron is first released from the N-lobe and then the C-lobe of Fe 2 hTF (Fig. 5a) [26, 35] . In agreement with previous work, at low pH the presence of the sTFR switches the order of iron release from the N-lobe then the C-lobe, to the C-lobe then the N-lobe (Fig. 5b) [26, 34] . These results are not in accord with chemical relaxation studies monitoring iron release which suggest that iron is released from the N-lobe before the C-lobe of diferric hTF whether alone or in a complex [36] . In this work more drastic changes in the pH were used and the TFR was isolated from placenta, requiring detergent to maintain solubility. Whether micelles could interfere with the iron release process is unknown.
We suggest that the apparent restriction of iron release from the N-lobe of Lock C hTF is due to a conformational effect of the C-lobe that disrupts the cooperativity between the lobes. Iron release is a highly dynamic process which requires that both lobes are capable of undergoing the necessary conformational changes that ultimately result in the release of iron to a chelator. It is well established that the transition from pH 7.4 to 5.6 involves a series of protonation events which allow each cleft to open and iron to be removed [5, 35] . Overlay of the apo hTF structure with the diferric pig transferrin structure suggests that most of the movement is restricted to the NII and CII subdomains, since the NI and CI subdomains closely align in the two structures. The N-and C-lobes undergo rotations of 59.4°a nd 49.5°, respectively, upon cleft opening [14] . X-ray scattering studies of the N-lobe indicate that a two-step process leads to cleft closure; a 20°rigid-body twist of the NII subdomain followed by a 50°hinge-bend [37] . Assuming that each lobe of hTF undergoes a similar process (in reverse) to open the cleft at pH 5.6, we suggest a possible model to explain our results. Fe 2 hTF (Fig. 8, A) is shown in a fully iron bound conformation with a chelator approaching to remove the iron from the N-lobe as the pH is lowered to 5.6. Protonation events as well as the interaction of anions and the chelator with the N-lobe (Fig. 8,  B ) result in a conformational change, possibly the 50°h inge-bend (Fig. 8, B , blue star), which is communicated to the C-lobe, thereby changing its conformation (Fig. 8, B , green triangle). The chelator enters the iron binding cleft of the N-lobe and extracts the iron, inducing the second conformational change in the N-lobe, the 20°hinge-twist ( Fig. 8, C, two blue stars) . Simultaneously, anions and the chelator attack the more rigid C-lobe, triggering its equivalent hinge-bend motion (Fig. 8, C , green star) and allowing entry of the chelator. Following iron removal from the N-lobe and complete elimination of the iron bound to the chelator, the N-lobe is able to adopt its final apo conformation (Fig. 8, D , three blue stars). Subsequently, the iron is extracted from the C-lobe by the chelator as a result of an equivalent hinge-twisting motion (Fig. 8, D , two green stars). Lastly (Fig. 8, E) , the iron bound to the chelator is completely removed and both lobes are in an apo conformation (Fig. 8, E , three stars). When iron is locked in the C-lobe, the chelator interacts with the N-lobe and induces the first conformational change, the hinge-bend. This change is communicated to the C-lobe, but because it is locked, it cannot undergo the necessary conformational change to promote complete iron release (including departure of the iron bound to the chelator) from the N-lobe. The C-lobe communicates back to the N-lobe that it is unable to undergo this change, thereby preventing full opening and complete iron/chelator release from the N-lobe (possibly by restricting the hinge-twist motion). Thus, the locked C-lobe restricts the movement of both lobes and partially disrupts their communication with each other. In the steady-state format the dilute sample, excess chelator, and invariable pH promote complete iron removal from the N-lobe, in spite of the restrictions imposed by the locked C-lobe. In the urea gel format we suggest that the ternary complex is not fully resolved and some of the iron rebinds to the N-lobe when the pH 8.4 sample buffer is added. As described in ''Results,'' this is uniquely promoted by the locked C-lobe. It is curious and not obvious why this occurs in approximately half of the sample.
A previous study, designed to identify a chelator that would be effective at pH 7.4, showed that iron release from the N-lobe critically depended on a closed C-lobe [9] . In this work, it is suggested that at pH 7. 4 , an open C-lobe blocks an anion binding site in the N-lobe necessary for iron release. As described above, at pH 5.6 iron release from the N-lobe appears to be partially inhibited by locking the C-lobe closed with no dependence on salt, strongly indicating that lobe-lobe communication and cooperativity change as a function of pH.
We provide further unequivocal evidence for the requirement of the sTFR for complete iron release from the C-lobe regardless of whether the N-lobe can release iron (Fe 2 hTF), has no iron (Fe C hTF), or has iron locked in (Lock N hTF) (Figs. 5b, 7b, d ). Iron release from the N-lobe of Fe N hTF and Lock C hTF is unaffected by the presence of the sTFR. The time-based patterns are identical to those observed for these samples in the absence of the sTFR, i.e., iron removal from the N-lobe of Fe N hTF is complete and iron removal from the N-lobe of Lock C hTF is restricted (Fig. 6) . However, iron release from the N-lobe of Fe 2 hTF bound to the sTFR is partially inhibited as indicated by the presence of the monoferric N-lobe species on the urea gel (Fig. 5b) .
Although the C-lobe binds iron with higher affinity, considerably more monoferric N-lobe than monoferric C-lobe is present in the serum (23 and 11%, respectively) [2] . Our studies provide support for the suggestion [26] that this monoferric N-lobe comes from Fe 2 hTF that has been taken into the cell through receptor-mediated endocytosis. Preferential release of iron from the C-lobe could result in the return of the monoferric N-lobe/TFR complex to the serum.
In summary, iron release from the N-lobe is highly dependent on the conformation of the C-lobe, but is independent of changes in pH and time. In contrast, iron release from the C-lobe is dependent on pH and time and independent of the conformation of the N-lobe. Importantly, iron release from Fe 2 hTF is not a simple combination of iron release from Fe C hTF and Fe N hTF. Fe 2 hTF can undergo all of the dynamic conformational changes required for iron release to a chelator at low pH allowing complete communication and cooperativity between the lobes. The significance and complexity of the bilobal structure of hTF is indicated by the different iron-release properties observed when the lobes are altered (to prevent iron binding or to lock iron in a lobe). Although the two lobes are homologous, their differences are further evidenced by their responses to conformation and changes in pH.
